Abstract-This paper describes the development of a miniaturized high-frequency linear array that can be integrated within a core biopsy needle to improve tissue sampling accuracy during breast cancer biopsy procedures. The 64-element linear array has an element width of 14 µm, kerf width of 6 µm, element length of 1 mm, and element thickness of 24 µm. The 2-2 array composite was fabricated using deep reactive ion etching of lead magnesium niobate-lead titanate (PMN-PT) single crystal material. The array composite fabrication process as well as a novel high-density electrical interconnect solution are presented and discussed. Array performance measurements show that the array had a center frequency and fractional bandwidth (−6 dB) of 59.1 MHz and 29.4%, respectively. Insertion loss and adjacent element crosstalk at the center frequency were −41.0 and −23.7 dB, respectively. A B-mode image of a tungsten wire target phantom was captured using a synthetic aperture imaging system and the imaging test results demonstrate axial and lateral resolutions of 33.2 and 115.6 µm, respectively.
I. INTRODUCTION

U
LTRASOUND guidance during needle biopsy is the preferred image guidance approach for the gold standard diagnostic method of breast cancer since it is the most comfortable for the patient and does not require ionizing radiation [1] , [2] . Despite the high-diagnostic accuracy of core needle biopsy and vacuum-assisted needle biopsy, thousands of the over 1.6 million women who undergo breast biopsy annually in the United States receive false negative diagnoses, allowing cancer progression and increasing mortality [3] , [4] . The challenge of missed diagnoses, however, lies not with the failure of pathological analysis but with the inaccuracy of tissue sampling at the time of biopsy [5] . Since current clinical ultrasound systems cannot reliably visualize structures such as microcalcifications in the breast, which may suggest early breast carcinoma such as ductal carcinoma in situ (DCIS), new imaging methods to visualize these structures would be clinically beneficial to help improving sampling accuracy during breast biopsy procedures and lead to earlier diagnosis. High-frequency ultrasound imaging could allow radiologists to identify structures portending increased risk for malignancy within fatty breast tissue at the closest proximity to the lesion identified from the antecedent mammography. Clinical ultrasound imaging has been validated as an effective tool in guiding percutaneous needle procedures such as central venous catheterization and other needle biopsy procedures including transbronchial and pancreatic fine needle aspiration [6] - [8] . However, conventional low-frequency (5-15 MHz) linear arrays for breast imaging do not provide sufficient spatial resolution needed for reliable microstructure visualization such as microcalcifications, which are largely < 100 µm in size and currently available high-frequency (30-60 MHz) array or single element transducer systems such as the VisualSonics Vevo 2100 and 770 are not clinically available (VisualSonics, Toronto, ON, Canada) to visualize these microstructures [9] . To enable high-frequency ultrasound imaging of breast lesions, an imaging device must be developed to image breast tissue at the site of a lesion. Since transcutaneous high-frequency imaging in the breast is impractical due to the high attenuation of sound at high frequencies, the array aperture must be small enough to fit within an interventional tool such as a core biopsy needle so that the imaging aperture is in close proximity to the lesion. Since radiologists are trained to use in-plane technique during biopsy procedures, any additional imaging modalities or devices should produce complementary images within the same imaging plane. Therefore, in designing a miniaturized highfrequency ultrasound array, we wish to orient the azimuth axis of the array in parallel with the needle shaft so that the imaging plane is parallel with that of the external guidance probe as shown in Fig. 1 .
The high-frequency image produced by this new needle array will provide a high-resolution complementary image to the physician during the procedure.
We propose a miniaturized high-frequency linear array integrated within an 11 gauge (3.05 mm diameter) core biopsy needle to provide ultra-high-resolution images of breast tissue during ultrasound guided breast biopsy. Such images obtained at the lesion may allow radiologists to identify features not previously seen during conventional biopsy guidance such as microcalcifications, thus achieving more targeted biopsies and improve the diagnostic accuracy of breast cancer.
The prospect of ultrasound imaging during breast cancer biopsy has been demonstrated by Cochran et al., where the group fabricated a 15-MHz linear array that can fit within a 2-mm diameter biopsy needle [10] . This device is still limited, however, because imaging at 15 MHz cannot provide the necessary resolution to differentiate very small structures within the breast such as microcalcifications. It is thus necessary to build a significantly higher frequency array that can resolve these fine structures from within the compact housing of a biopsy needle. In practice, a radiologist would guide the biopsy needle with integrated imaging array to the suspicious lesion using standard external ultrasound probe guidance; once the needle is in close proximity to the lesion, the integrated array produces a highresolution picture that the radiologist then uses to target the precise point where the tissue is sampled. This paper reports on the design, fabrication, and testing of a miniaturized 64-element 60-MHz 2-2 composite-based linear array designed for use in a biopsy needle for biopsy guidance.
II. METHODS
Each element in the 2-2 composite was composed of single crystal lead magnesium niobate-lead titanate (PMN-PT) and was separated from its neighbors by epoxy. The array composite was backed by a highly attenuative conductive epoxy that served as the ground connection for each element. The array had a single, polymer coating matching layer to provide acoustic impedance matching between the array composite and the imaging medium. Array elements were connected to a transmission line mounted directly over the surface of the array and the array aperture was exposed to the imaging environment through a small rectangular cutout. This integrated array transmission line component can be mounted within a coaxial biopsy needle, where it would image out through the side of the tissue sampling aperture. The array design, fabrication steps, and testing results are described in the following sections.
A. 2-2 Composite Design
Various piezo composite fabrications methods have been developed for high-frequency arrays and array development at 50 MHz and above. As the pursuit of ever smaller array kerf sizes was needed to achieve smaller and smaller array element pitches and kerf widths, traditional dice and fill techniques [11] - [13] were replaced with more advanced fabrication processes such as laser and chemical etching techniques [14] . Interdigital pair-bonding, interdigital phase-bonding, and stacking methods also sought to decrease element pitch while still using existing dicing saw technology capabilities [15] - [18] . Capacitive-and piezoelectric-micromachined ultrasound transducers (CMUT, PMUT) technologies have demonstrated the capability to produce transducers and their electrical interconnects using batch fabrication techniques based on those previously developed for the semiconductor industry [19] , [20] . However, most of these arrays are limited to clinical imaging frequencies (2-15 MHz) and have not been validated for miniaturized high-frequency array applications. A notable advancement was made by Brown et al. by developing a miniaturized, forward looking 40-MHz phased array that utilized a novel electrical interconnection technique, where wire bonding connected the array composite to metalized vias in a flex circuit [21] . Kerfless high-frequency array development has been investigated as a fabrication method that avoids the problem of creating kerfs in the piezoelectric material and instead relies on simply patterning electrodes to create individual elements in an array at the expense of increased crosstalk between elements [22] , [23] . Both thick and thin film deposition techniques have also been investigated for high-frequency array development [24] , [25] . More recently, deep reactive ion etching (DRIE) techniques were proven for high-frequency array development [26] , [27] .
While progressively higher frequency arrays over 50 MHz have been developed including those for intravascular applications, none has considered the size constraints that may occur in the design of a clinical needle biopsy device. The challenge that we are addressing is improving breast cancer needle biopsy procedures and this requires much more demanding physical size constraints since the entire linear array and electrical connection must fit within a biopsy needle shaft.
The array design requirements as determined by the clinical need include array type, aperture size, orientation, frequency, and packaging size. The array module must fit within the 11 gauge needle. A side-looking, linear array is needed in order to match existing imaging plane used for ultrasound needle guidance. This array aperture orientation enables simultaneous visualization of the lesion while continuously guiding the needle shaft throughout the procedure.
The array must have a significantly high center frequency in order to achieve the resolution needed to visualize structures not currently visible with clinical imaging systems. The imaging array center frequency was chosen to be 60 MHz to achieve axial and lateral resolution necessary to reliably visualize microcalcifications including those below 100 µm. Array geometry has been determined by the high-frequency array design rules summarized by Ritter [28] . The size of the electrical interconnect to the array was the limiting factor in how many elements could be built in the array. Thus, a 60-MHz, 64-element one-dimensional (1-D) linear array was designed for this breast biopsy guidance application with an element width of 14 µm, kerf width of 6 µm, element height of 1 mm, and an element thickness of 24 µm. A single matching layer of parylene was chosen for this array since a dual matching layer fabrication and assembly process was presently not feasible with this size of array and type of electrical interconnect. A parylene matching layer was relatively easy to implement since it entailed the attachment of only the polymer layer via vapor deposition but the only fabrication process for a second matching layer required manually placing a 1.2 mm × 1 mm film less than 10-µm thick on the array aperture. There was not a process that could accomplish this without damaging the array composite or compromise the electrical interconnect. Thus, a single matching layer was chosen for this prototype array. Lastly, a novel electrical interconnect component and assembly fabrication process were developed specifically for this miniaturized high-frequency array in order to connect it to the synthetic aperture imaging system used for performance and imaging evaluation. No commercially available imaging system existed during the development of this array and as a result we designed and built a custom synthetic aperture imaging system that enabled us to collect imaging data from the array. Fig. 2 shows a cutaway image of the final array and Table I lists the array design parameters.
B. Array Composite Fabrication
The array composite, with array kerfs that are 6 µm wide and 24 µm deep, was fabricated using a DRIE technique optimized by Channel Technologies Group (formerly HC Materials, Bolingbrook, IL, USA) (CTG, Santa Barbara, CA, USA) for piezoelectric materials. This etching technique was previously used successfully for an 80-MHz, fully kerfed ultrasound array fabrication process [29] .
DRIE is an anisotropic etching process that is useful for creating microstructures out of bulk materials with especially high aspect ratios and steep sidewall angles. DRIE uses heated plasma to etch into bulk material using a photolithographically developed pattern of a hard metal such as nickel to serve as the etching mask. The high resolution of photolithography combined with the capability of DRIE to etch through materials thicker than 20 µm with very high aspect ratios (approaching 90
• ) makes it an ideal choice to create the small kerfs in high-frequency composite arrays. A bulk piece of PMN-(0.3)PT single crystal material made by CTG (formerly HC materials) was lapped and polished by hand to ensure coplanarity of the top and bottom surfaces until a thickness of 1 mm was reached. This material's bulk piezoelectric material properties were electromechanical coupling coefficient (k 33 = 0.90), dielectric constant (ε T 33 = 6250), and tangent loss (tan δ < 0.008). Next, a nickel mask is patterned onto the bulk material so that the nickel is covering all of the material except for the kerf regions to be etched. Since the array size is only 1.5 mm × 1.5 mm and the piezoelectric bulk material is 15 mm × 15 mm, a 7 × 7 matrix of arrays can be patterned during a single batch, enabling 49 arrays to be fabricated from each bulk material sample. The reason 49 arrays were patterned onto the material is to account for the potentially low yield of undamaged and usable arrays at the end of the fabrication process. Additionally, we were interested in developing this batch fabrication method because it has much more potential as a reliable fabrication approach than traditional array fabrication processes, which allow for only one array to be fabricated by hand at one time.
First, the 49-array composite patterns were made by spinning on and developing photoresist over the bulk PMN-PT material. Then, a layer of nickel was deposited and the photoresist was removed leaving the nickel patterned over all the piezoelectric pillars of the array composite. With the nickel-masked patterned, the sample is run through the DRIE process developed by CTG (formerly HC Materials) materials to etch down 30 µm into the bulk PMN-PT material. Etching past the designed composite thickness of 24 µm was necessary to allow for several microns of material to be removed in the subsequent lapping fabrication steps. Each element was etched into 10 subelements with a pitch of 100 µm and subelement kerf width of 5 µm. This subelement design was implemented to mitigate the risk of element electrodes breaking along their narrow length due to strain induced from expansion of the composite pillars. This design also prevented a crack from propagating across entire element composed of single crystal PMN-PT.
After DRIE processing, scanning electron micrographs of the composites shown in Fig. 3 were captured to verify the successful etch of the bulk material. Array elements are stacked vertically in this image with each element divided into 10 subelements and arranged along each row. Each row is one of 64 single elements in the composite.
In addition to the array element and subelement kerfs, the region surrounding the 64 elements was etched away as this would be the location of the individual element electrode bonding pads and patterning these pads on top of active piezoelectric material would cause unwanted resonances that would interfere with the operation of the active elements. After DRIE processing, each composite had nonconductive, degassed epoxy (EPOTEK-301, Epoxy Technology, Inc., Billerica, MA, USA) permeates in between the composite pillars until it completely fills the kerf space between the elements [30] . The epoxy is cured overnight in a dry box at room temperature and then postcured at 40
• C for 2 h. The bulk sample is then lapped down to expose the top of the composite pillars. The final composite had a kerf width of 6 µm and a net piezoelectric volume fraction of 67%.
C. Array Module Fabrication
After the array pillars are lapped to a fine finish, photoresist is spun down onto the sample and the individual electrode patterns are exposed and developed creating an electrode mask. Chrome/gold electrodes were then sputtered onto the composite, photoresist was then removed revealing individual element electrodes (width = 14 µm) and bonding pads (diameter = 50 µm). Once the individual elements have been patterned onto the composite, the bulk material is flipped over, wax bonded onto a carrier wafer and then lapped down until the backside of the composite pillars is exposed and the designed composite thickness of 24 µm is reached. Once the composite is at the final thickness, a common-ground chrome/gold electrode is sputtered onto the entire composite surface. Next, a conductive backing is added to the array composites with E-Solder 3022, a conductive epoxy material [30] . E-Solder 3022 is cast on the common-ground electrode and centrifuged at 3000 rpm for 15 min, then cured overnight in a dry box at room temperature, followed by a 2-h postcure at 40
• C. The backed array composite sample is then removed from the carrier wafer, turned over, and wax bonded onto a square glass carrier block exposing what will be the front surface of the array. Each individual array module is then separated from the sample with a TCAR864-1 dicing saw (Thermocarbon, Inc., Casselberry, FL, USA) by cutting the modules in a grid pattern as shown in Fig. 4 .
The acoustic stack layer material and acoustic properties for each array module are listed in Table II .
D. Array Interconnect Solution
A new electrical interconnect solution was developed to serve as both a high-density interconnect to the 64-array element bonding pads and an electrical impedance matching circuit to match the high impedance of the array elements to the standard 50 − Ω impedance of the multiplexer and pulser/receiver electronics. This interconnect solution comprised of both a compact microstrip glass transmission line and impedance matching printed circuit board (PCB). The microstrip transmission line had a designed electrical impedance magnitude of 350 Ω to match that of each individual array element. The impedance matching PCB connected to the microstrip transmission line through a thin high-density, high-frequency matrix interposer board (High Connection Density, Inc., Sunnyvale, CA, USA) and contained a wideband transformer circuit (Coilcraft, Cary, IL, USA) with a 1:9 impedance ratio for each of the 64 array channels. The average and standard deviation of the measured impedance of the assembled array-transmission line component was 408.4 and 13.0 Ω, respectively, giving an average matched impedance of 45.3 Ω at the output of the PCB, where it connected through the multiplexer to the pulser/receivers. The higher than expected impedance may be attributed to thinner than expected metallization of the transmission line trace metal thickness or perhaps increased impedance through the connection between the array bonding pads and transmission line.
This novel electrical interconnect solution was chosen for this high-frequency miniaturized array because of its capability to match the electrical impedance magnitude of the individual array elements and for its compact design. A major design constraint is the size of the transmission line since it needs to fit within the shaft of a biopsy needle and since all 64 channels need to be routed through this electrical interconnect, the 1-μm-thick copper channel traces needed to be patterned with a very fine pitch (≤ 25 µm) on a single layer with the width not exceeding 3 mm and span 3 cm to make this a viable interconnect solution to be housed within a biopsy needle. This transmission line length was deliberately chosen since each transmission line was built on a 5" wafer and extending the length of the transmission line beyond its current length would be impractical since the substrate thickness was < 200 µm. Fabricating long, narrow stem lengths especially those in the clinical range (5-13 cm) are extremely difficult to fabricate on thin wafers since the yield is so low because of fracturing and trace metal defects. In futures version of the array, the transmission line substrate material may be changed to multilayer polyimide flex so that the extended length is no longer a problem. Each copper trace on the glass transmission line is 10 µm wide with a 15-µm space between neighboring traces. The ground layer on the bottom of glass was one uniform 2-µm-thick copper layer. Future versions that employ multilayer transmission line designs could reduce this width even further for smaller gauge biopsy needles as well as extend the needle length to clinically useful lengths without compromising signal power loss or signal path isolation. A small rectangular cutout was laser cut into the end of the glass transmission line, where the channel traces terminated in 50-µm diameter bonding pads lined up on the edge of the cutout. These bonding pads would match face to face with the bonding pads on the array surface with the cutout providing the array aperture with an unobstructed view of the imaging environment.
The glass transmission line, its substrate material properties, and PCB are shown in Fig. 5 . The PCB has a large matrix of [30] . d E-solder: Von Roll USA, New Haven, CT, USA [30] . micro coaxial (MCX) connectors at the top for coaxial cable connection to the multiplexer and a small matrix of connectors at the bottom to connect to the individual channels of the transmission line through the high-density interposer board. Each transmission line was made via a wafer fabrication process with a 5" glass wafer substrate and had a final thickness of 200 µm, where the glass material properties are listed in Table III. Due to the small size of each array module (1.5 mm × 1.5 mm × 1 mm), a novel interconnect solution between all 64 transmission line and array element channels was developed. Various, standardized interconnect methods including wire bonding and flip chip technology were unsuitable because of the demanding size, pressure, temperature, and handling constraints this miniaturized array presented. The thin, fragile, epoxy-filled composite prevented any processes that required the use of elevated temperatures or pressure. Elevated temperatures would warp the composite, which would develop gaps between elements and surrounding epoxy or cause breaks in the thin gold element electrodes due to expansion and contraction and applying pressure during bonding would break the fragile glass transmission line. Most of these high-density interconnect solutions were developed for the semiconductor industry and even the vendors who specialize in custom interconnect solutions were unable to meet the requirements that we had.
Therefore, we developed a hybrid interconnect solution that combined components from anisotropic film connectors and conductive epoxies with flip chip and solder bumping application techniques. The solution was to use conductive microspheres and conductive epoxy to make connections between all 64 channels in a fashion similar to standard solder-based flip chip bonding.
In this new process, each array element bonding pad has a small dome-shaped conductive epoxy bumped onto it. Each of these bumps gives the bonding pad a raised profile so that its connection to the mirrored bonding pad on the transmission line can be made. The conductive epoxy was 2−3 µm diameter silver particles (Sigma Aldrich, St. Louis, MO, USA) mixed with Insulcast 501 epoxy in a 2:1 weight ratio. Each epoxy bump was 25−40 µm in height and was applied with a three-axis manual positioner stage. Next, one conductive microsphere with a diameter of 28−32 µm (Cospheric, Santa Barbara, CA, USA) was placed on each conductive epoxy bump. These conductive spheres are manufactured in bulk and designed to be integrated into anisotropic conductive films (ACFs) products that allow circuit lines to be connected in the vertical direction, but are spaced in the lateral direction to be electrically insulating along the plane of the adhesive. Each conductive microsphere has a solid soda glass core and 75-nm-thick pure silver outer surface coating. We have repurposed these conductive microspheres for use as a new type vertical electrical interconnect scheme similar to flip chip bonding, which does not require pressure or heat to be applied for permanent plane-to-plane circuit bonding to occur. The epoxy provides both the mechanical support to the conductive microsphere to hold it in place while also providing a conductive pathway since it is loaded with silver particles.
The conductive epoxy was allowed to cure overnight to secure the conductive microspheres in place. Next, another bump of conductive epoxy is placed on top of each conductive sphere now bonded to each bonding pad of the array in the same fashion described above. Finally, a custom three-axis manual positioner stage is used to align the bonding pads on both the array and transmission line and lower the transmission line pads until they are in contact with the conductive microspheres. Now each bonding pad is connected via conductive microspheres with the conductive epoxy connecting the bonding pads to the conductive microspheres. This connection technique enabled the array to be connected to the transmission line at room temperature, without any pressure being applied to the delicate array module and glass transmission and without expanding the footprint of the connection, which is critical to maintaining a compact connection scheme for this array. This connection scheme is shown in Fig. 6 . The array aperture is exposed to the imaging environment through a small rectangular cutout in the glass transmission line. The ground connection between the glass transmission line and the conductive backing of the array is made with a 1-mm-wide flexible strip of silver and is secured using E-Solder 3022 conductive epoxy.
E. Synthetic Aperture Imaging System Design
To perform imaging experiments with this array, we built a synthetic aperture imaging system where a multiplexer enables a single-channel pulser and single-channel receiver to collect pulse-echo signals from any transmit-receive element pair in the 64-element array; the system block diagram is shown in Fig. 7 .
A LabVIEW (National Instruments, Austin, TX, USA) program running on a personal computer (PC) controls a multiplexer that regulates which array elements are used for transmit and receive channels during the image data capture sequence. A single-channel transmit pulser and receiver were independently connected to the multiplexer. The 2 × 64 multiplexer was a modular NI PXIe 2593 multiplexer system (National Instruments, Austin, TX, USA), shown in Fig. 8 , which is a configurable multiplexer platform that uses computer-controlled mechanical switches to channel high-voltage signals within the 500-MHz bandwidth. This enabled the system to transmit and receive independently on all 64 elements of the ultrasound array. This is necessary for the synthetic aperture imaging system that we implemented for image data acquisition.
This imaging system has the capability to transmit and receive on independent channels and for each image capture and echo data was captured from each of the 64 × 64 = 4096 transmit/receive pairs. For each echo signal, each individual element was excited using a high-voltage pulser and echo signals were received with an individual element, resulting in 4096 transmit/receive signals. These signals were then processed using a synthetic aperture image reconstruction technique demonstrated by Trots et al. [31] . This reconstruction method calculates the delay of each transmit/receive pair to obtain the signal at each pixel in the image field. To calculate the delay between transmit and receive elements in the array the expression is
where τ m and τ n are the path delay from the transmit and receive element, respectively, to the focal point in the imaging field. τ m and the τ n are described by
where the point in the image field is given by (r, θ), r is the distance between the center of the array and the point, and θ is the angle of line from the center of the array this point. Furthermore, x m and x n are the positions of the mth and nth elements, respectively. The summed echo signal A(t) for each pixel in the image field is given by
where τ m,n is the delay for the (m, n) transmit and receive combination as given in (1) and y m,n (t) is the received echo signal [31] . A diagram of the transmit and receive delays calculated in (2) is shown in Fig. 9 and illustrates how each independent transmit-receive pair for each individual pixel position can be simply calculated. A MATLAB script (MathWorks, Natick, MA, USA) was written to calculate the summed echo signal for each transmit and receive pair for every pixel position in the imaging field. Summed echo signals were then processed using envelope detection and log compressed and displayed in a grayscale B-mode image.
F. Array Characterization
In addition to image formation, there are several array transducer testing experiments that can provide insight into its performance. Array element electrical impedance and pulse/echo performance were measured prior to performing 64-channel synthetic aperture imaging. Electrical impedance was measured with an Agilent E4991A RF Impedance/Material Analyzer (Agilent Technologies, Santa Clara, CA, USA) and both magnitude and phase angle were recorded over the frequency range of the transducer pass-band. Pulse/echo testing is useful to determine the effective bandwidth of array transducers as well as sensitivity, pulse length, and focal depth. This test was performed in deionized water with a polished quartz reflector as the target at a distance of 2.2 mm. The pulser used for pulse/echo echo testing was a Panametrics 5900PR pulser/receiver (Panametrics, Inc., Waltham, MA, USA) which emitted a unipolar 100 V pp pulse. To receive echo signals, a bandpass filter (10-100 MHz) and a gain of 26 dB were applied before analog signals were digitized using a GaGe digitizer (Dynamic Signals, Lockport, IL, USA) with a 1-GHz sampling rate.
For each pulse/echo time domain signal, the −6-dB bandwidth was calculated using a fast Fourier transform (FFT), where the lower and upper bandwidth edges were determined by the frequencies, where the power spectrum was equal to −6 dB relative to the maximum value. The center frequency was taken as the midway point between the lower and upper limits of the −6-dB bandwidth. Echo amplitude was recorded for sensitivity and insertion loss comparisons. The −6-dB signal pulse length was determined by measuring the time between the first and last points, where the signal was −6-dB relative to the maximum echo signal value.
The level of acoustical and electrical separation between neighboring array elements was determined by measuring crosstalk between a representative element and its three adjacent elements. To perform this test, the array was submerged in a degassed and deionized water bath. A Tektronix arbitrary waveform generator (Tektronix, Beaverton, OR, USA) generated a signal burst to excite one element in the array with the applied voltage measured as a reference to the measured signal from adjacent elements. The signal voltage at the three neighboring elements is measured and compared to the reference voltage at discrete frequencies over the bandwidth of the array.
Insertion loss was measured by exciting a single element with a 60-MHz single-cycle signal, and receiving the echo off of a polished quartz target located at the focal point of the transducer. The measured amplitude value was corrected for loss due to attenuation in water and from reflection off a polished quartz target [32] .
The array was used to image a single 20-µm tungsten wire target (California Fine Wire Company, Grover Beach, CA, USA) in a deionized water bath. For the imaging test, an AVTech AVB2-C-USCC monocycle pulse generator was used to generate a 70-MHz single cycle pulse with an amplitude of 160 V pp . Line-spread functions of the wire echo signal from the center of the wire were evaluated to determine the axial and lateral resolution of the array. 
III. RESULTS AND DISCUSSION
The results for individual array element testing are given in Table IV . The array had no shorted or open elements; however, seven elements had very low sensitivity with insertion loss values over −60 dB. Fig. 10 shows the electrical impedance magnitude and phase angle values for one selected array element. The measurement was made at the point of the transmission line interconnect pad where it connected to the PCB, which took into account the impedance matching microstrip transmission line of each individual element channel. While the trace lengths were designed in the transmission line and PCB to be as similar as possible and the trace metallization designed to be identical, the variation in lengths or deviations in the trace metal thickness may account for the variation in impedance magnitude measurements since there was a slight trend toward lower impedance as the element number increased and also some random variable between even adjacent elements.
One potential cause of the extraneous mode observed in Fig. 10 is from a lateral mode in each of the element pillars, which have a height of 24 µm and width of 14 µm. This could negatively affect the imaging performance because of the potential to introduce spurious signals and steps to avoid this may include decreasing the element width relative to the height to avoid any lateral resonance modes. The average and standard deviation of the array elements center frequency and −6-dB bandwidth was (59.1 and 2.5 MHz) and (29.4% and 4.0%), respectively. Pulse-echo measurement results for a typical single element are shown in Fig. 11 . The selected element #60 had a peak-to-peak voltage of 704 mV, center frequency of 59.6 MHz, bandwidth of 34.7%, and −6-dB pulse length of 48 ns. Element #60 was chosen as a typical, representative element since its performance characteristics were closest to the average of all 64 elements. There was a significant variation in the sensitivity of the elements with six elements exhibiting sensitivity between 45 and 95 mV. However, the element center frequencies were more closely grouped with the minimum and maximum center frequency of 55.1 and 63.7 MHz, respectively. The larger variation in sensitivity values versus center frequency suggests that variations in the electrical interconnects and traces account for the difference in performance between elements rather than differences in array element geometry because of the composite fabrication process. This array employed new array fabrication and electrical interconnect methods, and it is likely that small defects in the metallization of the element electrodes reduced the effective element size or caused increased resistance in the signal path, thus decreasing the element sensitivity. Another possible issue is that defects in the array-transmission line interconnect or transmission line itself that formed during array performance characterization experiments significantly increased the channel resistance of the elements with low sensitivity. The bandwidth may have been limited by acoustic impedance mismatching between the piezoelectric element and the single parylene matching layer and in order to improve the imaging resolution of the array a second matching layer may be added.
Overall performance of the array uniformity in terms of center frequency, bandwidth, and electric impedance magnitude and phase angle values is illustrated in Figs. 12 and 13 , respectively.
The crosstalk measurements taken were consistent across the effective bandwidth of the array and the lower crosstalk for elements farther away from the reference element is as expected. The measured crosstalk at the center frequency for the first, second, and third nearest elements was −23.7, −28.8, −35.9 dB, respectively. The measured crosstalk values are shown in Fig. 14. The relatively high crosstalk level (> −30 dB) in the first and second adjacent elements was likely due acoustic or mechanical cross-coupling between elements in the 2-2 composite through the narrow (6-µm-wide) epoxy-filled kerfs. Another possible source of the crosstalk is likely the electrical cross-coupling between both the element electrodes and the high-impedance traces in the transmission line. In future versions of this miniaturized high-frequency array, crosstalk may be reduced by adding particles to the kerf filling epoxy to increase attenuation or by improving the electrical isolation of the high-impedance traces on the transmission line by increasing the spacing between traces and using multilayer transmission lines with ground layers separating trace layers.
The measured insertion loss for a typical array element was −45.5 and −41.0 dB before and after correction for attenuation using the method described by Lockwood et al. [32] . This value is higher than other high-frequency ultrasound arrays built using micromachining fabrication methods; however, the element size in this array was 6.9 times smaller than elements in the two comparable arrays previously tested [26] , [27] . The significantly smaller array size coupled with the single matching layer used in this array explains why the insertion loss measured was higher than what was observed in these other arrays. Improving both the electrical interconnect method and transmission line fabrication process as well as adding a second matching layer in the next generation of this array will help improve sensitivity and decrease insertion loss.
An image of the 20-µm wire test phantom is shown in Fig. 15 using a linear gray scale and 25-dB dynamic range. Image reconstruction did not include any thresholding or apodization. The line spread functions for the axial and lateral resolution plots for the center of the wire are shown in Fig. 16 . The measured full-width half-maximum (FWHM) axial and lateral resolutions were 33.2 and 115.6 µm, respectively. Faint artifacts are observed to the left and directly below the wire position. Using apodization could reduce the sidelobes but this would come at the expense of increasing the main lobe width [33] . Additionally, it is possible that the artifacts are due to in part by reflections off the thin sidewall of the rectangular glass transmission line cutout that frames the array aperture. This 1-wire phantom target image with 25-dB dynamic range demonstrates that this miniaturized high-frequency linear array is functional and the fabrication and electrical interconnect methods used to produce this device are feasible.
While the axial resolution is an improvement over previously reported high-frequency linear arrays, the lateral resolution is not and this lower than desired lateral resolution may be improved by improving the alignment mechanism for imaging experiments. The extremely small array aperture size (1 mm × 1.2 mm) makes the fine adjustments and alignments of any phantom target difficult. Even a small deviation in the angle of the wire target from parallel alignment with the array elements elevation axis would negatively affect the lateral resolution measurement of the array.
IV. CONCLUSION
This paper describes the design, fabrication, and testing of a 60-MHz miniaturized linear array using DRIE micromachining fabrication techniques. The array is intended to be integrated into a breast core biopsy needle. The array characterization and image formation testing served as a successful proof of concept for the new array fabrication and electrical interconnect assembly processes. The axial resolution was acceptable and steps to improve the lateral resolution may include increasing the aperture size and improving the bandwidth of the array elements by adding a second matching layer. Improving the array element uniformity and performance and implementing a more robust and simple electrical interconnect solution are the focus of the future work for this miniature high-frequency array development. This array fabrication and testing confirmed that the most challenging aspect of fabricating this type of array is the connection of the miniature high-frequency ultrasound array to the imaging system and future development paths include using micromachining technologies to make even simpler, smaller, and easier to process interconnect components. Developing robust high-density electrical interconnect solutions for this high-frequency array and improving acoustic properties of array elements will be critical for progressing toward clinical applications for this array since relying on polyimide flex circuit technology for a single-layer transmission line will not be feasible due to the fine trace and space of the channels. In the future, this type of miniaturized high-frequency array has the potential to improve tissue visualization during breast biopsy procedures, making tissue sampling more accurate and thus increasing the accuracy of breast cancer diagnosis.
